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Abstract
Sandstone samples of the Stuttgart Formation at Ketzin have been experimentally treated with CO2 and synthetic reservoir brine 
in high-quality steel autoclaves at simulated in situ P-T conditions of 5.5 MPa and 40 °C. In order to observe mineralogical 
changes induced by CO2, untreated samples are compared to CO2-treated ones. Samples show a comparable petrography of 
mainly quartz and plagioclase. Heterogeneities are related to minor mineral phases, such as K-feldspar, hematite, muscovite, 
biotite, illite, chlorite, and opaque phase(s). This variability of the Stuttgart Formation is primarily attributed to the sandstone 
sedimentation in a meandering, fluvial environment. The samples are weakly consolidated. Analcime, anhydrite and dolomite are 
only found as cement phases. SEM micrographs of CO2-treated samples show corrosion textures on mineral surfaces of anorthitic 
plagioclase and K-feldspar, as well as euhedral albite crystals. Overall, the data indicate preferred dissolution of calcium-rich 
plagioclase, K-feldspar and anhydrite, and stabilization or precipitation of albite. The petrophysical properties of the sandstone 
samples also show slight changes. Nuclear magnetic resonance (NMR) and mercury injection measurements indicate a slightly 
increased porosity and a shift to larger pore sizes; both suggesting dissolution processes.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
Carbon capture and storage (CCS) is a key strategy to reduce anthropogenic CO2 emissions to the atmosphere. For a 
successful implementation of the CCS technology, the geological storage of CO2 in a permanent and safe way is of 
major importance. The injection of CO2 into a reservoir will disturb its physico-chemical equilibrium, which is then 
controlled by acid-generating reactions [1] as CO2 will dissolve into the brine to form carbonic acid. Subsequent 
CO2-brine-rock interactions include the dissolution of certain minerals and the precipitation of others and will not 
only affect the chemical, but also the physical properties of the reservoir. At least up to now, information on CO2-
induced interactions within the reservoir is indirect and mostly based on gas or fluid samples recovered from 
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observation wells (e.g., [2]). Laboratory experiments at simulated reservoir P-T conditions are an elegant way to 
overcome the problem of indirect data. Such studies either focus on individual minerals (e.g., [3]) or on whole rock 
samples (e.g. [4]). In batch CO2-exposure experiments on Bunter Sandstone at 30 MPa / 60 °C and 63 days run 
duration, [4] discovered dissolution of dolomite cement and etch textures on K-feldspar and albite; montmorillonite 
precipitated in cleavages of albite crystals. Due to the vast mineralogical, chemical and physical diversity of the 
different reservoir formations that may serve as a potential repository and the highly coupled and interacting 
processes therein, one major result of the so far realized laboratory experiments is that each individual reservoir 
system has to be investigated separately, and general conclusions are mostly imprecise. In order to add further data 
to the existing data base and to specifically address the CO2-induced interactions at the pilot storage site at Ketzin, 
Brandenburg (Germany) we here present first results of long-term CO2-exposure experiments on core samples from 
the Ketzin reservoir rocks (Stuttgart Formation). At the pilot site of Ketzin one injection well (Ktzi 201) and two 
observation wells (Ktzi 200 and 202) had been drilled into the reservoir to depths between 750 and 800 m. The wells 
are about 50 and 110 m away from each other and are arranged in a triangular shape [5]. The integrative strategy of 
the experiments performed on the Ketzin reservoir samples recovered from these wells was to jointly study the 
mineralogical, chemical, petrophysical as well as microbiological changes of the reservoir rocks as induced by CO2
on an identical set of samples. The microbiological results are presented in [6] and [7]. In this contribution we focus 
on the observed mineralogical and petrophysical changes.
2. Materials & Methods
2.1 Sample Description
The studied core samples were recovered from observation well Ktzi 202. Five core sections have been sampled 
from depths between 627.7 (B2-2) and 634.6 m (B4-2) (Fig. 1). Of these five core sections, a total of 21 individual 
samples (intact core pieces between 10 to 15 cm in length and 5 cm in diameter, but also cm-sized broken 
fragments) were split into subsets; subset 1 (untreated) was used to describe the initial mineralogy of the core 
sections, subset 2 and subset 3 (15 and 21 months of CO2-treatment, respectively) were recovered from the long-
term experiments. Attention was paid to ensure that for each core section the samples for subset 1, 2 and 3 were 
taken in close proximity to each other to minimize any initial heterogeneity between the samples. Nevertheless, a 
certain variability between the different samples is apparent in hand specimen (Fig. 1). Most samples are finely 
laminated on mm- to cm-scale. This lamination predominantly appears as alternating red-brown and dark-brown 
colors related to different grain sizes (more sandy versus more silty) next to slightly distinct modal quantities of 
especially clay minerals. Some samples exhibit a fine cross-bedding. Overall, the samples are only weakly 
consolidated.
2.2 Experimental Procedure
For 15 (21) months the samples of subset 2 (3) were stored together with synthetic reservoir brine and pure CO2 in 
high-quality steel pressure vessels at simulated reservoir conditions of 5.5 MPa and 40 °C. The synthetic reservoir 
brine had an initial composition of 172.8 g/l NaCl, 8.0 g/l MgCl2*6H2O, 4.8 g/l CaCl2*2H2O, and 0.6 g/l KCl 
according to data on the original Ketzin formation fluid available at the start of the experiments [8]. Subsequent 
studies on the original Ketzin formation fluid showed that the synthetic brine only contains about 81 % of the total 
dissolved solids (TDS) of the original formation fluid and lacks any sulphate [7]. Therefore, some mineral reactions 
are expected, which may not be related to CO2 exclusively.
2.3 Analytical Techniques
After the samples were taken out of the autoclaves they have been washed several times with deionized water and 
cautiously dried in a compartment drier at 45 °C. A Leitz polarizing microscope was used for thin section analyses 
and to take micrographs. The grain size of each sample was measured on the average long-axes of 50 grains per 
sample. X-ray diffraction (XRD) analysis with Rietveld refinement was carried out on Phillips PW1050 
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size set to 0.02 and a rate of 2 sec/step. Electron microprobe (EMP) analyses were performed on a Cameca SX 100. 
Acceleration voltage was set to15 kV, beam current to 20 nA. A Zeiss ultra 55 plus was used for scanning electron 
microscopy (SEM). The SEM operated at 20 kV and 15 nA and was equipped with an energy dispersive X-ray 
system (EDS). Analyses were done on broken sample pieces as well as on polished and gold-coated thin sections to 
take back-scattered electron (BSE) images. A 2000 WS Porosimeter equipped with a Marco Pore Unit was used to 
measure mercury injection curves analysed on vacuum-dried samples of approximately 10 g. The injection curves 
were used to determine the cumulative pore volume, pore throat distribution, bulk density, internal surface area and 
the mean pore radius. The nuclear magnetic resonance (NMR) relaxation time distributions of the transverse (spin-
spin) T2 relaxation were measured on a Maran Ultra Resonance Instrument with 7 MHz for cores of up to 40 mm in 
diameter. Simple Carr-Purcell-Meiboom-Gill attenuations of 100 % water-saturated core samples were recorded.
For spherical pores the relaxation time of a water-wetted pore is proportional to the pore size via surface relaxivity 
(50 m/s used for sandstones [9]) and reflects a distribution of volume to surface of the pores.
Figure 1 – Profile of the Stuttgart Formation in observation well Ktzi 202, modified after [10]. Shown is the depth interval of the saline aquifer 
sandstone (ss) next to the positions of the samples. Photographs of the different samples visualize internal heterogeneities on hand-specimen- and 
thin-section-scale. Blue color on the thin section images is caused by epoxy resin.
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3. Results
3.1 Petrography
In thin section, the analyzed samples are mainly fine grained, moderately well- to well sorted, angular to subangular 
and only partly consolidated sandstones. The principal modal mineral composition as determined by optical 
microscopy, XRD, EMP and SEM analyses is comparable for all samples. Quartz and plagioclase are the major 
components, while K-feldspar, mica, clay minerals, hematite, opaque phase(s), and lithoclasts are present 
subordinately. Mica is predominantly muscovite with only minor amounts of biotite. Chlorite and illite are the most 
important clay minerals. The lithoclasts are predominantly composed of either quartz and sheet silicates or comprise 
feldspar with quartz, opaque phase(s), chlorite, and illite. These observations are in good accordance with the results 
of [10]. The samples are weakly cemented by anhydrite, analcime, and occasionally dolomite. The cements form 
unevenly distributed, isolated, poikilitic patches (Fig. 2D+E). Anhydrite and analcime are present in all untreated 
samples. In subset 2, however, anhydrite was not observed in core sections B3-1, B3-3 and B4-2. Analcime does not 
occur in core section B4-2. Dolomite is only present in both subsets from the uppermost core sections B2-2 and B2-
3. Preliminary XRD refinements show that the mineralogical variability between samples of subset 1 is larger than 
that between untreated and CO2-treated samples from identical core sections. Consequently, it is reasonable to 
compare both sets for CO2-related mineralogical changes.
Heterogeneities are caused by an uneven distribution of minor mineral phases, such as hematite, chlorite, illite, and 
cement phases. Laminations are related to an alternation of lighter, cement phase-dominated layers to darker, (red-
)brownish to black layers, which are mainly composed of opaque phase(s) with notably less cements phases. In 
close vicinity to the dark layers, mineral grains with thin rims are more frequent. These coatings (cf. Fig. 2D) were 
already identified as iron(-titanium)-(hydr)oxides [10]; own EMP analyses suggest mostly hematite.
Figure 2 – SEM images of freshly broken fragments (A–C) as well as BSE images on polished thin sections (D–F). A-C represents a consecutive 
sequence of plagioclase crystals (A=untreated, B=15 months and C=21 months of CO2 treatment). The nicely laminated plagioclase in A has
fresh and unaltered grain surfaces. In B the plagioclase crystal shows first evidence of dissolution and is partly covered by clay minerals. C
displays a heavily altered plagioclase crystal with etched pits and totally corroded surfaces.
The BSE images D–F represent a consecutive sample sequence of untreated (D), 15months (E) and 21months (F) of CO2 treatment, respectively.
Labeled are the major mineral phases; black colour represents pore space. D shows patchy occurrence of analcime cement and thin iron coatings 
of grains (arrows). Minerals do not show any sign of alteration or disaggregation. In E, some grains (e.g. K-feldspar) indicate alteration effects. 
The arrows in F point to rims around plagioclase grains, which are indicative of alteration.
Abbreviations after [11]; Frag=rock fragments / lithoclasts, Fe=iron-(hydr)oxide.
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3.2 Mineral Surfaces
Mineral surfaces of quartz do not show any signs of alteration. Micas show platy morphology with the typical basal 
cleavage and, like quartz, lack any signs of alteration. Anhydrite typically shows good cleavages in three directions. 
Despite the fact that anhydrite was not found in three core sections of subset 2 (abovementioned) individual 
anhydrite crystals do not show any clear evidence of dissolution. Sometimes plagioclase grains do not show any sign 
of alteration (Fig. 2A), but more typical are surfaces with crystallographically oriented etch textures (Fig. 2B) or 
advanced dissolution features that result in a disintegrated and irregular surface morphology (Fig. 2C). Comparable 
dissolution textures are occasionally found in K-feldspar grains. At times, pure albite grains may show clean and 
fresh euhedral crystal habit [12]. These are only found in the CO2-treated samples and may have precipitated during 
the experiments.
3.3 Mineral Compositions
For the feldspars composition no major compositional changes are apparent during the experiments. Plagioclases
show two different clusters: intermediate (Ab40-80 with Or<10) and albite rich compositions (Ab>95). K-feldspar 
consistently ranges from Or70 to Or98 in both subsets. The very rare occurrence of intermediate alkali feldspar and 
true ternary feldspars may reflect inaccuracies or measurements of mixed mineral phases. Despite the overall 
consistency of the feldspar measurements, the plagioclase composition indicates slight changes. Compared to subset 
1, much more sodium-rich and pure albite grains occur in subset 2 [12]. Even more, pure albite (Ab>99) was only 
found in CO2-treated samples. In combination with the petrographical observations (abovementioned), this indicates 
precipitation of pure albite during the experiments.
As for feldspar, no major compositional changes for sheet silicates between subset 1 and 2 are obvious. White mica 
is predominantly muscovite; only one analysis showed paragonite. Dark mica is biotite of the phlogopite-annite 
solid solution series, which may be titanium bearing. In biotite, the XII-fold coordinated A-site is exclusively 
occupied by potassium. For muscovite, potassium and aluminum contents are slightly lowered during the runs.
Biotite analyses from untreated samples occasionally yield very low total oxides of <90 wt%. This might indicate 
chloritization of biotite. EMP analyses of chlorite show compositions of the clinochlore-chamosite solid solution 
series.
All three cement phases anhydrite, analcime and dolomite consistently show stoichiometrical compositions before 
and after the experiments and provide no hints for any chemical alteration. Analcime has near end-member 
composition and forms comparatively smaller crystals that appear to be very homogenous and optically clear.
Dolomite cement has a very uniform composition of calcium and magnesium both approximately accounting for 
0.50 pfu. Only traces of iron and manganese were detectable.
3.4 Petrophysics
For subset 1, the porosities range from 19 to 29 % (mercury injection) and from 22 to 33 % (NMR), respectively. 
Samples from the uppermost part of the sandstone interval are stronger cemented, while samples from the lower 
most parts are only poorly consolidated. Accordingly, porosities increase from the top to the basal part of the aquifer 
[10]. The samples have a relatively large proportion of small pores, as can be seen in the pore size distribution
diagram of Figure 3. The increased porosities in combination with the inorganic fluid analysis can be transformed 
into a loss of solid sample material that is in the order of 1 to 2 % [13]. The results of NMR and mercury injection 
measurements are comparable with expected smaller porosities determined by the latter. NMR data generally 
indicate a bimodal pore size distribution with a general shift towards larger pores during the experiments. Because 
the observed porosity increase leads to higher volume values, these results are certainly related to a decrease of the 
specific surface area due to smaller dissolution processes. Mercury injection measurements indicate a shift towards 
smaller pore sizes, which may be caused by some salt precipitates on the sample surfaces that caused a plugging of 
pore throats. The core pieces had to be dried for mercury injection without any flushing with deionised water 
because of potential disintegration. Therefore, salt precipitation may have occurred during drying.
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Figure 3 – NMR T2 relaxation (A) and mercury injection (B) measurements exemplarily plotted for the sample B2-3 to determine the pore size 
distribution. It is apparent that the relaxation time and pressure curves are comparable and both displaying a shift to larger pore sizes. The hatched 
curves in B show the increase in porosity from ~23% to ~25% during the experiments.
4. Discussion
The applied mineralogical investigations only show minor mineralogical changes related to CO2. The variability 
between comparable samples before and after the experiments is lower than the overall variability of the studied 
samples. Several lines of evidence indicate chemical interactions between CO2, brine and sandstone samples. The 
presence of anhydrite in all samples of subset 1, but its absence in CO2-treated samples from core sections B3-1, B3-
3, and B4-2 is indicative of anhydrite dissolution. The distinct corrosion and etch textures on plagioclase and also on 
K-feldspar surfaces clearly indicate preferred dissolution of these minerals. And taking into account the sequence A-
C and the alteration rims in F of Figure 2, dissolution of plagioclase seems to intensify with experimental run 
duration. On the other hand, euhedral albite grains occurring in CO2-treated samples suggest precipitation of albite
[12], most likely in expense of plagioclase. Dissolution of certain minerals is also indicated by a general increase in 
porosity during the experiments. First data of the synthetic brine composition reveal (amongst others) a distinct 
increase of calcium and sulfate concentrations [6] that is also suggesting preferred dissolution of anhydrite and of 
the anorthite component of plagioclase. As the initial concentrations of calcium and sulfate in the synthetic brine 
were below those of the Ketzin formation fluid (see above) these increased concentrations do not reflect the 
evolution of the synthetic brine to its potential equilibrium composition. After the experiments, the measured 
concentrations of, amongst others, calcium and potassium in the fluid are notably higher than those of the original 
Ketzin formation fluid, which cannot only be explained by the above mentioned attainment of equilibrium without
any influence of CO2. Overall, the here presented data in combination with those given by [6] and [7] clearly 
indicate that the addition of CO2 triggered preferred dissolution of anorthitic plagioclase, K-feldspar as well as 
anhydrite, and precipitation of albite.
Corrosion effects are observable in SEM micrographs of subset 2, in which plagioclase crystals display heavily 
altered edges with holes, etched pits and lamellae [12]. These features were not observed – at least not to that extent
– in samples of subset 1 and thus suggest intensified alteration processes during the experiments. But as [14] also 
discussed, it is commonly difficult to quantify alterations of alumosilicates, when pre-experimental, diagenetic 
alterations of these minerals exist. In contrast to that, fresh and unaltered, euhedral albite grains in some of the CO2-
treated samples clearly suggest equilibrium between albite and the brine-CO2 fluid. In combination with the 
preferred occurrence of pure albite minerals after the CO2-treatment, it is reasonable to assume precipitation of these 
euhedral albite grains during the experiments. While [14] likewise observed new formed albite minerals during lab-
~23%
~25%
B
B2-3
A
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experiments, [10] already determined albite end-member compositions as a result of diagenetic albitization of both 
plagioclase and K-feldspar. Accordingly, the higher number of albite measurements in subset 2 is possibly a
statistical artifact owed to the natural variability of the reservoir system. Independent of CO2-exposure lab-
experiments, it has been reported that in acidic environments, as well as during hydrothermal plagioclase alteration,
feldspar weathering rates are generally higher for calcic plagioclase compared to sodic plagioclase and sodic 
varieties are more stable (e.g. [15]). Additionally, an increase in the bulk salinity of the fluid stimulates reactions in 
which alkali earth cations (e.g. calcium) are substituted for alkalis (e.g. sodium) [15].
K-feldspars also seem to be partly dissolved during the CO2-treatment. Comparable to plagioclase but less frequent, 
some K-feldspar grains in CO2-treated samples show corrosion textures. Yet it is hardly possible to differentiate 
diagenetic and experimental, CO2-induced alteration processes (abovementioned). Similar alterations of K-feldspar 
during CO2-exposure experiments have also been reported by [16].
Although mica minerals do not occur in large quantity, they are an important component of the repository and 
complete the understanding of the reservoir system behavior. Additionally, alterations of mica minerals could 
straightforwardly lead to the formation of clay minerals, such as kaolinite, illite, and chlorite. By clogging pore 
throats these could reduce poroperm levels and in turn hamper the injection of CO2. [17] presumed that a decrease of 
permeability due to the formation of clay minerals could be a characteristical feature for CO2 storage in formations 
containing alumosilicates. On the other hand, reservoirs rich in feldspars and labile rock fragments, which can react
with CO2 to form new solid carbonate phases, are important for a save and successful long-term storage site. In the 
here presented study, no unambiguous evidence for such mica alterations or intensified clay mineral formation was 
found. Only illitization of muscovite could be indicated by the lowered potassium and aluminum contents in
muscovite during the runs. Chloritization of biotite – that was described by [10] – might be indicated by the partially 
very low weight percentages of biotite measurements. Cements are in general a very important feature of reservoir 
systems because of influencing hydraulical parameters, e.g. injectivity. Despite the suspected dissolution of 
anhydrite, which was also observed by [17] during comparable core-flooding experiments, no other signs of change 
in the cement phases could be elaborated. In all samples cement phases are pure anhydrite, pure analcime and pure 
dolomite.
Porosity measurements of subset 1 agree well with petrophysical and logging data from the other Ketzin wells [18].
The samples have a relatively large proportion of small pores. The porosity increase for subset 2 is consistent with 
the measured elevated ion concentration. A shift of pore radii to higher values was uniformly observed in the 
sandstone samples and points to dissolution of minerals (such as anorthite) in response to the CO2-exposure. Based 
on our data, the integrity of the reservoir formation at Ketzin is not affected by CO2.
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